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Abstract 

The implication of chiral symmetry for the pion-induced dissociation of the J/tp is examined in 
detail. It is shown how the low-energy dynamics of pions, constrained by chiral symmetry, affect 
the dissociation cross-section. The derived soft-pion theorem is then integrated into a Lagrangian 
model which includes also abnormal parity content and chiral-symmetric form factors. Dissociation 
by the p meson is also considered. 

PACS numbers: 13.75.Lb, 11.30.Rd, 12.38.Mh 
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I. INTRODUCTION 



It is predicted that at very high energy densities, confined hadronic matter melts into a 
novel form: the quark-gluon plasma (QGP). Several signatures to characterize its proper- 
ties within the context of heavy ion collisions have been proposed. One of these, initially 
championed by Matsui and Satz jj, is charmonium suppression. It rests on the observation 
that correlated cc pairs created in the earliest stage of the collisions through hard scatterings 

brmed, they 
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HQ. 



probe all subsequent stages of the system evolution. In particular, if a QGP is 
argued that the observed yield should be suppressed because of color screening 
rent view not only includes suppression, but also the regeneration of charmonium 
Moreover, recent lattice data suggests that the J/ip may survive in the plasma well above 
Tc 0, B], implying that that there could be no direct QGP suppression of this meson 
See however Ref. [8|. 

Before a claim of any definite QGP effects is made, it is essential to verify that the 
results cannot be reproduced by more mundane nuclear effects. Of all possible mechanisms, 
charmonium dissociation by nucleons is probably the most important one. Indeed, it is 
seen to be sufficient to explain the suppression patterns observed at the SPS not only for 
p + A systems, but also O + U and S + U collisions For heavier systems, nuclear 
suppression is not sufficient to account for experimental observations. For example, in 
Pb + Pb collisions at SPS, an abnormal suppression is observed. One possible cause of the 



charmonium suppression could of course be screening [lOj. But dissociation by 



co-movers can also go a long way in explaining the observed data 
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In most phenomenological studies, the dissociation cross-section by co-movers is a model 
parameter, and little is said about the underlying microscopic mechanisms. Since experimen- 
tal information about dissociation processes is scarce, one has to rely on theoretical studies. 
Several approaches are possible. One model calculates the dissociation cross-sections by 



using constituent quarks and a non-relativistic potential [21 
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24j. The dissociation 



processes then arise through the exchange of quarks. A fully relativistic constituent quark 
model can also be constructed based on an extension of the Nambu-Jona Lasino (NJL) 



model to the charm sector 
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30| • Dissociation then occurs through quark- 



and meson-exchanges. Being non-renormalizable, the model requires the specification of an 
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ultraviolet loop cutoff. One can circumvent the need of such a cutoff by introducing form 
factors at the quark level. This leads to the extended non-local NJL model of Ref. 31]. 
Another model relies rather on extrapolations of QCD sum rule (QCDSR) results to extract 



momentum dependent vertices 



Lagrangians 
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39]. Finally, phenomenological 



45J can be utilized. There, in order to account for the 
composite nature of the mesons, ad-hoc form factors are often introduced. 

These models then produce cross-sections ranging from sub-millibarn to a few millibarns. 
Moreover, their energy behaviour can be quite different [4G| . This is compounded by the 
fact that in many models, chiral symmetry is not clearly implemented. As pointed out in 



Ref. [47] in the context of the Lagrangian-type models, chiral symmetry implies that for 
the normal parity content of the process J/ip + 7r — > (D* + D) + (D* + D) the pion should 
decouple in the soft-momentum limit leading to a vanishing amplitude. Since this process 
is considered to be dominant, owing to the abundance of pions, quantifying this effect is 
therefore important. 

In Ref. 481 ] . the effect of implementing chiral symmetry in a simple Lagrangian model 
without form factors was considered in contrast with previous phenomenological Lagrangians 



40j, 



41 



42 



43 



44 



45] . It was shown there that for the J ftp + n — > (D* + D) + (D* + D) 



process a reduction at threshold did occur. It is the purpose of this article to propose an 
improved Lagrangian model that incorporates not only chiral symmetry and form factors, 
but also other dissociation channels, i.e., the so-called abnormal parity processes 45]. The 
p-induced dissociation cross-sections will also be evaluated in order to assess the relative 
importance of dissociation by other light resonances. 

This article is organized as follows: we first discuss the soft-pion theorem. The relevant 
degrees of freedom are then introduced, and these enable us to write down chiral Lagrangian 
densities. Inelastic cross-sections are extracted and the soft-pion theorem is explicitly veri- 
fied. Once parameters are fixed and symmetry preserving form factors are introduced, the 
relative strengths of chiral symmetry, abnormal parity content, and p-dissociation effects on 
the cross-sections are presented and discussed. 
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II. DECOUPLING OF PIONS IN THE SOFT MOMENTUM LIMIT 



First consider the case where the chiral symmetry is exact. The axial current for the 
Goldstone realization of the chiral symmetry [49( is 

A,(x) = f%* + ... (1) 

where /° is the pion decay constant in the chiral limit. Using the LSZ reduction formulae 



50] and following Weinberg 5jj , the expectation value of the current between an arbitrary 



in- and out-state becomes 



d 4 x (a\ A^x) \0) e"** = P ^iMf^ a + Af^ a (2) 



where Ai ( aL ra is the transition amplitude in the chiral limit for the absorption of an incoming 
pion with momentum p, and M^ a are the regular terms near the pion pole. Contracting 
the pion momentum on both side yields the current conservation condition: 

(a| p^{p) \(3) = f°iM°^ a + P ,Af^ a = (3) 

Under the assumption that Ma_ i , a is regular near the pion pole, the pion then decouples in 
the soft-momentum limit giving 

M^ a - 0. (4) 

This constraint, first studied by Adler [3], is an example of how the chiral symmetry 
manifests itself in the Goldstone mode for low-energy scattering. A general proof with 



many pions can be obtained 5 II ]. 



Knowing that chiral symmetry is only partially conserved, let us now consider how the 
above theorem is modified. Under the PCAC hypothesis 4j|, the current matrix elements 
now become 

H ^(p) = J^iM^ a + (5) 

where f n is the decay constant for an explicitly broken chiral symmetry. Assuming that the 
explicit chiral breaking occurs only through a dependence the pion-absorption transition 
amplitude reduces to 

lim^ Q = lim^ Q ^0. (6) 



This is a strong version of the smoothness assumption 53j, [54j which requires that the 



amplitude does not change significantly from p = m to p = 




FIG. 1: Exception to the decoupling theorem due to a kinematic singularity. 



The above two derivations assume that no other singularities exist besides that provided 
by the pion pole, or in other words, that A/g_^ a is regular. This is in general not true 5ll. 154]. 
Fig. [I] shows the basic sub-diagram where an initial off-shell particle absorbs a pion and 
then emits an on-shell particle. These two particles could for example be mesons. If the two 
particles have the same mass, then a kinematical singularity will develop in the soft-pion 
limit, i.e., the denominator of the incoming particle propagator becomes 

limO - p) 2 - M 2 = lim k 2 - 2k ■ p + p 2 - M 2 -> k 2 - M 2 -> 

p^O p^O 

where M is the mass of the two particles and k 2 = M 2 since the outgoing particle is on-shell. 

This singularity can occur in two cases. First, when the incoming and outgoing particles 
have degenerate masses as it is sometimes realized for a chirally restored vacuum (e.g., a- and 
7r-mesons are degenerate). The other case manifests itself for abnormal parity interactions 
which permit the absorption/emission of a pion from a single particle. An example of such 
a process is between a pion and an isospin-doublet vector meson with negative parity, V, 
i.e., 

C*w = ge^d^r ■ nd a Vl (7) 

where e^ ual3 is the four-dimensional anti-symmetric tensor. This interaction will then gen- 
erate a singularity for soft-pion kinematics since the incoming and outgoing particles are 
identical. 



III. DEGREES OF FREEDOM AND CHIRAL SYMMETRY 

We now wish to build a chirally invariant Lagrangian. Doing so will ensure that the 
soft-pion limit is exhibited by the model. The principal difficulty is to identify the relevant 
degrees of freedom. In the final stage of a heavy ion collision, the relative momentum of 
the J /ip and a light meson is of the order of a few GeV: the charmonium dissociation is 
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thus expected to be dominated by those processes with the smallest excitation threshold, 
i.e., cross-sections with the lowest-mass final states. Therefore, it is sufficient to consider 
the dissociation processes into the lowest-mass open charmed mesons resulting from the 
interactions between the J/ip, D, D* and the light mesons. 

This point is incorrect if chiral symmetry is to be maintained. Indeed, as pointed out in 
Ref. [48] inclusion of the chiral partners is essential for the decoupling theorem to hold. It is 
thus expected that the chiral partners, even though they do not appear in the final states, 
still can play an important role through exchange diagrams. With this in mind, identifying 
the chiral partners of the D and D* mesons is essential. Since they are pseudo-scalar and 
vector mesons, respectively, their chiral partners are expected to be a scalar and an axial- 
vector particles. Moreover, under the heavy-quark spin symmetry, they should have similar 
masses. We see from Ref. 



axial partners, respectively 



55(| that the Dq and D\ mesons are candidates for the scalar and 



5j. 



Introducing the chiral partners amounts to having a linear realization of chiral symmetry. 
One could also decide not to introduce these additional mesons, and consider a non-linear 
realization of chiral symmetry by letting, for example, the chiral partner masses go to infinity. 
The D and D* would have non-linear transformation properties under the axial sub-group. 
This approach is the one used in building the Lagrangians incorporating heavy-quark spin- 



flavor symmetry 26]. For this study, the linear representation will be used. The open 
charmed mesons will be then the D, D*, Dq, and D\. 

In order to build a chiral invariant Lagrangian, it is convenient to define chiral fields. In 
the Appendix \M these are identified by considering the various possible quark bi-linears. 
Knowing the transformation properties under chiral symmetry of the light and heavy quark 
then permit to determine that of the mesons. The chiral fields are then found to be 

(8) 
(9) 
(10) 

(11) 
(12) 

where W and A R)L are isospin triplets, and D RL and D* RL are isospin doublets. 



w 


= o + m, 




= o — iir, 




= p±a lt 


Dr, l 


= D*±iD, 


d* 

R,L 


= D*±D 1 
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IV. LAGRANGIAN DENSITIES 



We first write down the free field Lagrangian by defining the following field strengths: 

F%l = ^A\ L -d^A^ L (13) 

for an arbitrary left- and right-handed vector field. Then, starting from the linear sigma 
model, the free field Lagrangian reads 

1 1 f m 2 1 

C = -Tr [d,Wd^] - \p?Tr [WW*] + ^Tr [W + W*] - ^Tr [F^F? + F*Fjf] 

m 2 1 - M 2 

+ -^Tr \A Lil Al + A Rfl A R ] + - {d,D L d»D L + d,D R d»D R ) - — (D L D L + D R D R ) 

- I (f°}f^ + F^F^l) + ^ (DTD^ + D%I%) (14) 

where M and M* are the degenerate masses of open charmed mesons and m that of the p 
and a% mesons. Degeneracies will be lifted by spontaneous chiral symmetry breaking once 
the interactions are included, as in the linear sigma model [49(, which will result in mass 
splittings between D and Dq, and D* and D\. A pion mass has also been included with the 
third term, and thus chiral symmetry is explicitly broken. 

For the interactions, the working assumption here will be that only the three- and four- 
point interactions with the lowest number of derivatives are to be considered |[58|. Since 
the Lagrangian density is of dimension four and the mesonic fields are of dimension one, 
the three-point interactions will have couplings scaling as M 1_n where M is an arbitrary 
mass-scale and n is the number of derivatives, while the four-point interactions having one 
more field operator will scale as M~ n . Furthermore, only the minimal interactions with 
the chiral partners of the D and D* mesons will be added to maintain chiral symmetry. 
Practically, this implies that all the interactions with Dq and D\ fields will be generated 
by the spontaneous chiral symmetry breaking. Moreover, only the three- and four-point 
interaction terms necessary to contruct the amplitudes with the considered final states are 
explicitly written down. Finally, aside from the requirement that the Lagrangian density 
be real, the other tools used to construct the phenomenological Lagrangian are parity and 
charge conjugation invariances (which are valid symmetries of QCD). The effects of these 
discrete transformations on the field content are listed in Appendix [B] as well as the resulting 
interactions. 
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The next step is to make explicit the spontaneous chiral symmetry breaking by shifting 
the a field in W by a — > a + ctq as in the linear sigma model. Doing so yields the new free 
field Lagrangian 

Co = Id^P* - ruin 2 + \d»od»o - m 2 a a 2 - l -Tr [F^F*,] + \m 2 Tr [pj] 

- l -Tr [F£F£] + -mlTr [a%] + d,Dd»D - (M 2 - 2Aa ) DD + 
+ d^D^D* - (M 2 + 2A(j ) - -^*F^ + (M* 2 - 2AV ) 

- + ( M * 2 + 2AV o) + ig$ DD ,<r {d,D*D^ - D*»d„D*) 

+ 9wdd*°v {d,DD» - D^D) (15) 



where the expressions for m n and m a are the same as for the linear sigma model 49j, and 
9wdd*i ^-i an d A* are coupling constants. We note that the introduction of interactions 
generate mass splittings between the D and Dq mesons, and between the D* and Di mesons 
respectively; thus lifting the mass degeneracies. The D meson masses then read 

m 2 D = M 2 — 2Acr , m 2 D * = M 2 + 2Act , 
m 2 D , = M* 2 - 2AV , m 2 Dl = M* 2 + 2AV . 

Moreover, the introduction of the interactions induces mixing between Dq and D* fields, and 
between D and Di fields. To cast the Lagrangian into a canonical form would thus require 
making field redefinitions. These are involved and would lead to additional interactions 
with higher powers of momentum, which is contrary to the original assumption of limiting 
possible interactions to those with the lowest powers of momentum. Moreover, the non- 
chiral invariant model of Ref. [2] with which we wish to make comparison has no such 
mixings. For this study, the coupling constant g^DD* * s thus se ^ ^° zero removing the 
mixing. Finally, in this model, the p and a\ mesons have degenerate masses. This is of 
no importance here since we wish to compute only the cross-sections with the two lightest 
mesons, namely the 7r and p. In Appendix [Bj the relevant interactions for the J / ip meson 
by a pion or a p meson are listed. They include normal and abnormal interactions. As 
discussed in Section [TTJ, the latter are expected to circumvent the low-energy theorem. 

V. INELASTIC SCATTERING AMPLITUDES 

All amplitudes discussed in this section are explicitly written down in Appendix O 
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A. TT + J/lp 

The pion-dissociation of the J/ip proceeds through three processes, namely: 

Mi = J2 M & P M> ( 16 ) 

i 

M 2 = (17) 

i 

M 3 = e; (p D .) el (pn*)Y, M 3i% M ( 18 ) 

i 

where e p (p^), e* (pd*), and e*(p^.) are the polarization vectors for the J/ip, D* and D* 
mesons respectively. The first and last amplitudes arise only due to abnormal parity inter- 
actions, while A^2 contains one abnormal parity exchange process ((b) in Fig. [2]). Note also 
that the amplitude for the final state D*D is obtained from the conjugate of amplitude M.2- 



B. p + J/V? 

For the p-meson induced dissociation, three processes are examined: 

M 4 = Yl M u e pM e s(Pp) ( 19 ) 

i 

M 5 = e; (p D *) Mt P e p M e s (p p ) , (20) 

i 

M e = el (p D .) e* v (pjj.) Mt% (Pi>) <* (Pp) (21) 

i 

where e$ (p p ) is the polarization vector of the p meson. Again, the conjugate of M.^ gives 
the amplitude for the D*D final state. It is important to note that the chiral symmetry 
constraint does not introduce additional amplitudes involving the exchange of the Dq and 
the Di as in the case of the dissociation with pions. Consequently, the diagrams are the 



same as in Ref. 



45], and we expect the results to agree. 



C. Soft pion limit 

We now wish to demonstrate the soft-pion theorem for the dissociation of J/ip meson 
by a pion into a D*-D final state. It is expected that this property of chiral symmetry will 
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(g) 

FIG. 2: Diagrams for tt + ip dissociation 



soften the threshold behaviour. Explicitly, this will be due to a cancellation of the contact 
term for the normal-parity sub-processes. The caveat here is of course that abnormal-parity 
interactions circumvent the theorem and it will still be possible to have a contact behaviour 
near the threshold due to these (Eq. flC5j) ). 

With this in mind and in the chiral limit, i.e, for massless pions, we let the pion momentum 
go to zero. It is trivial to see that the first sub-amplitude (Fig. [2]), due to the exchange of a 
D meson [Eq. (lC4p ] decouples when the vector mesons are on-shell since their polarization 
vector then satisfies the orthogonality condition, i.e., e(p) ■ p = 0. Similarly, the w-channel 
D* exchange amplitude goes to zero. We are thus left with three normal parity amplitudes 
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FIG. 3: Diagrams for p + tp dissociation 



including a contact term. In the soft-pion limit we have 

(2A*)(2g w ^ DD ,a ) 



M 



/ice 



2e —>■ 2 ~ 2 9 

PD*aPD*(3 \ 0p 

s3ae — ^rr ■ 



and 



M 



2/ 



(2A)(2g w ^ DD *a ) 
m l - m D* 



(22) 



(23) 



Remembering that the the mass splittings between the D mesons are due to spontaneous 
chiral symmetry breaking, we can further write 

(2A)(2g Wl j, DD *(Jo) 



M 



2e 



4A*o- 
11 



-9 W = -9w^dd*9 w 



(24) 



and 

M ( 2 A ) ( 2 9w^dd*<7q) 

•M2/ — > g - -gwipDD*g (20 j 

where for the amplitude M. 2 e the orthogonality condition has been used to remove the term 
proportional to the product of four-vectors. Adding these two contributions to the contact 
term of M. 2 d leads to the desired result for the normal parity content. Since the contraction 
of the two e-tensors results into a sum of products of the metric tensor, the leading behaviour 
near the threshold for the process tt + ip — » D + D* will be given by the amplitude M. 2 h- 

A remark is in order regarding the chiral limit. Relaxing this assumption will make the 
amplitudes M. 2e and M. 2 f depend on the pion mass. It is trivial to see that these can be 
mapped smoothly into the chiral amplitudes considered above by letting the pion mass go 
to zero, thus satisfying the smoothness assumption of the decoupling theorem. 



VI. CROSS SECTIONS FOR DISSOCIATION PROCESSES 
A. Introducing symmetry conserving form factors 

To complete the description of the phenomenological model, form factors must be intro- 
duced to account for the sub-structure of mesons. A Lorentz-invariant three-point form 
factor is introduced, namely 

•^3 V) = A2 if — n (26) 

A 2 + \q 2 -m 2 M \ 

where q 2 is the virtuality, rriM is the meson mass, and A is the range parameter. The cutoff 
parameter will be set to two different values, namely 1 and 2 GeV, as in previous studies 



41 



43 



451 ]. These can be justified by noting that the typical hadronic scale is about 1 GeV 
and the exchanged mesons, which are open charmed mesons here, have masses of about 2 
GeV. One could relax the universality condition by introducing a different cutoff parameter 
for each interaction, but the assumption of a common A is a realistic first approximation 
because the exchanged mesons are all D mesons. 

The astute reader will note that the coupling constants should strictly be defined at the 
point where the form factor is one, i.e., q 2 = m 2 M . This is not the case for all the coupling 
values extracted in Ref. |4jj] which are used here. Indeed, the three-point couplings involving 
a p or a J/tp meson are evaluated with these particles at zero virtuality. Nevertheless, it 
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will still be assumed that the couplings extracted with the p or the J/ ip meson off-shell are 
the same as those on-shell. 

A form factor for the four-point interactions is also introduced. Here, a dipole form is 
chosen, namely, 



A 2 A 2 
^ M) = A 2 + |t-M 2 |A 2 + | M -M 2 | (2?) 



where s + t + u = m 2 + m\ + m\ + m\ and Md is a mass scale. This latter parameter is given 
by the average of the D and D* masses, i.e., M = 1.94 GeV. The four-point form factor is 
then equal to one when t = u = Mq. Strictly speaking the normalization, i.e., the coupling 
constant, is defined at this point. 

The above discussion omits the constraint due to chiral symmetry. Indeed, some of the 
three-point form factors are determined by four-point form factors. This is the case for all 
three-point interactions generated by underlying four-point interactions, i.e., which have 
a W-fleld factor (see Appendix iBl for details). Specifically, let us consider the WipDD* 
interaction from which the rnpDD*, ipDDi and ipD^D^ interactions are generated after 
spontaneous chiral symmetry breaking. The three-point form factors can then be extracted 
from the four-point form factor by letting the pion momentum go to zero. Specifically, 
assume that the D* and D mesons are off- and on-shell, respectively, then setting the pion 
momentum to zero yields the desired form factor for the iPD*Dq\ 

A 2 A 2 

hm^ 4 (S,tj - A 2 + | m 2^_ M 2| A 2 + | u _ M 2| 

= jD*Fi(u) (28) 

where the index on the three-point form factor indicates that the parameter vtlm is set to 
Mo, and 7^ = jFg(m 2 ^). Taking the D meson off-shell and keeping the D* on-shell gives 
the form factor for ipDDi interaction. The same argument applies for the abnormal parity 
ijjD*Di and ipD^D interactions. 

There is also another subtlety when it comes to the interactions generating the mass 
splittings of the D mesons, i.e., those coming from Cwdd and Cwd*d*- Indeed, the inter- 
action form factors will now appear in the mass shifts leading to self-consistent equations. 
For example, for the D*—D\ mass splitting, we have 



m 2 Dl - m 2 D * 



2AV hm {^(<7 2 )+^3 D V)} 

4AV — — f — . (29) 

A 2 + \m 2 Di — m 2 D « J 
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From these, we see that the values of the interaction strengths, A* and A, are functions of 
both the cutoff parameter and the mass scale. 

In light of these modifications, we re-examined the soft-pion limit for the A^2 amplitude. 
Aid is now given by 

lim M 2d = 2gw^DD*lD*lD9 w (30) 

while M. e and M. j reduce to 

limA^ {2ej2/} = lim hD^mF'it)] 
(2A*)(2g Wi;DD *a ) M) 

X 2 2 9 

m D* ~ m Dl 

= -lDlD*9W^DD*9 W (31) 

where Eq. (I29p has been used to go from the first line to the second. 
B. Results 

The cross-sections are first studied without form factors. The parameters used in the 
calculation can be found in the Appendix [D] The six cross-sections are presented in Fig. H] 
where the solid curves are the cross-sections including all sub-amplitudes. Overall, near 
threshold both dissociation by a pion and by a p meson are of the same order of magnitude; 
the pion-dissociation starts to dominate over the p-dissociation beyond 4 GeV. 

The effect of introducing chiral symmetry can be assessed by considering the pion- 
absorption into the (D + D*) + (D* + D) final state. The leading contribution to this 
process is due to the sub-amplitude Ai2b, which arises because of the abnormal parity con- 
tent in the Lagrangian. This is made clear in both Figs. H] and [5j Indeed, at a value of the 
centre-of-mass energy of 3.9 GeV, excluding this sub-amplitude reduces the cross-section 
by 65%. In contrast, removing M.2e and A^2/, i-e., the sub-amplitudes necessary to main- 
tain chiral symmetry, only increases the cross-section by 27%. Although, omitting the chiral 
constraint increases the cross-section, as expected from the soft-pion theorem, the effect is 
sub-leading compared to the inclusion of abnormal parity interactions. Moreover, the pres- 
ence of abnormal parity content makes the dissociation into DD and D*D* pairs possible, 
which further increases the total pion-absorption cross-section. 
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D + D (D + D*) + (D* + D) D* + D* 




FIG. 4: (Color online) Dissociation cross-sections without form factors. 



Turning to p-dissociation, the initial expectation is that the results of Ref. [45j should be 
reproduced since no additional interactions are introduced in applying the chiral symmetry 
constraint. Although, all three p ion-absorption cross-sections are monotonically increasing 
with y/s and featureless, the three p-dissociation cross-sections differ qualitatively in shape, 
when compared to results in Ref. In spite of the fact that the interactions and the 

squared sub-amplitudes are the same, the relative phases and, consequently, the interference 
patterns are different leading to the observed dissimilarities. 

The above discussion is valid only when form factors are omitted. In Fig. [6l cross- 
sections with and without form factors are compared. Two cases of the cutoff parameter are 
considered, namely 1 and 2 GeV. As expected, for decreasing A the suppression is increased. 
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FIG. 5: (Color online) Effects of chiral symmetry and abnormal parity content on the tt + J/ip — > 
(D + D*) + (D* + D) cross-section. The dotted, dashed, and dot-dashed lines correspond to 
cross-sections without the abnormal parity sub-amplitude, without the two sub-amplitudes due 
to chiral symmetry, and without all three sub-amplitudes. The total inclusive cross-section with 
all contributions is given by the solid lines. 

Overall, it is clear that the magnitudes of the two dissociation channels are set by the 
functional forms of the form factors and the values of the parameters. With this caveat, the 
inclusive pion-dissociation cross-section is of the order of a few millibarns near threshold 
for a cutoff of 2 GeV, and a fraction of millibarn for A = 1 GeV. 

Finally, the relative effect of chiral symmetry as the cutoff is lowered is shown in Fig. [51 At 
\fs = 3.9 GeV, the cross-section for A = 1 GeV increases by 51% when the sub-amplitudes 
due to chiral symmetry are neglected, while it decreases by 72% when the abnormal parity 
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FIG. 6: (Color online) Comparison of the dissociation cross-sections with and without form factors. 
The dotted, dashed, and dot-dashed lines correspond to dissociation into D + D, (D + D*) + (D* + 
D), and D* + D*. The total inclusive cross-sections are given by the solid lines; cusps are due to 
channels opening. 

content is omitted. 



VII. CONCLUSION AND OUTLOOK 



We have presented an extension of the work done in Ref. [48j where, besides introducing 
chiral symmetric interactions, abnormal parity content and p mesons are also included. The 
former is important since the soft-pion theorem is circumvented in this case, while the latter 
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is a first step towards assessing the relative importance of the J/^-dissociation by other light 
resonances. To account for the quark sub-structure of mesons, ad-hoc mesonic form factors 
were also added. Comparing the p-induced dissociation with the pion ones did not shed any 
more light than what was found in Ref. 45(. Any statements about the relative strength 
between n- and p-induced dissociation depend heavily on the choice of form factors and the 
techniques used to fix their absolute normalisations, and are thus model-dependent. 

We also conclude that there are some indications that the introduction of chiral symmetry 
does reduce the cross-section of 7r + J /if) — > (D + D*) + (D + D*), but also that the 
implementation of abnormal parity content is probably as or even more important since it 
increases not only the maximum reached by the ir+J/ip — > (D+D*) + (D+D*) cross-section, 
but also it allows new decay channels, such as it + J/tp — > D* + D*, to open. 

In the future, the J/^-dissociation rates will be integrated in an evolving hot and dense 
medium. Introducing other light mesons, such as the to, as well as higher charmonium 
resonances will also be considered to improve the phenomenological description. Moreover, 
adding final states incorporating Dq and D\ mesons and evaluating the cross-sections for 
the inverse reactions will also figure with the additional developments. Then, contact with 
the phenomenology measured at the SPS and at RHIC will be made. 
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APPENDIX A: FIELD REPRESENTATIONS AND CHIRAL SYMMETRY 

In order to write down all the possible invariant interactions between the mesons, it is 
essential to know their chiral transformation property. Obviously, for the J / ip meson this is 
trivial as it is a singlet of the chiral group. For the tt, p, D, D*, and their chiral partner, it 
is convenient to define chiral fields. 
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The field representations of the tt- and cr-mesons are given by 

W = a + m (Al) 
W ] = a - m (A2) 

Their transformation property under the SUl(2) x SU r {2) group can be assessed by coupling 
the chiral meson fields to quark bi-linears of corresponding parity giving 

q(a + i'j 5 Tc)q (A3) 

where 7r = r a i\ a . Projecting the quark fields into their left- and right-handed representations 
yields 

q(a + 27 5 7r) q = q L Wq R + q R W ] q L (A4) 
Under a chiral transformation of the light quark fields as defined by 

Qr,l -> U R , L q R:L = e- iT ^q R>L (A5) 

where r* are the SU(2) Pauli matrices satisfying the normalization condition Tr (rV J ) = 
28 l \ the chiral mesonic fields have to transform as 

W -> U L WU R (A6) 
-> t/" fl WC4 (A7) 

for the interaction to be invariant. 



481 ] . Applying 



The spin-1 light mesons will not be introduced as gauge bosons as in Ref. 
the same technique as for the a and 7r fields yields the interaction 

q{gf+ (/lib) Q = qiA L q L + q R A R q R (A8) 

where now p M = p a ^r a = | (Ar + A L ) and a iM = a^r a = | (Ar — A L ). From these we infer 
that 

Al - MM (A9) 
- EMjt/J (A10) 

which do not transform as gauge bosons. 
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Turning now to the open charmed mesons, we consider first the D and Dq isospin doublet 
fields and their conjugate which are written as 

D T = (D°,D-), D= (D°,D + ) 

Df = (D*°, D*-) , D* = (D*°, D*+) (All) 

where T is the transposition operator. These can be re-arranged into 

D R , L = (D* t iD) , D RiL = (D* ± iD) . (A12) 

Since the open charmed mesons have only one light valence quark, they are expected to 
transform under chiral symmetry according to 

Dr, l - D R>L U RL (A13) 
which can be made explicit by considering the coupling to the quark bi-linears: 

Q (D* + iD l5 ) q = Q L D R q R + Q R D L q L 

q (D* + iD lb ) Q = q L D L Q R + q R D R Q L (A14) 
Similarly, the D* and Di fields can be cast into chiral forms yielding 

D% L ={D*±D 1 ), D* R L = (D* ± Di) (A15) 
and the quark-meson interactions then read 

Q (P* + P ll5 ) q = Q L D R q R + Q R D* L q L 

q (p* + p ll5 ) Q = q L D* L Q L + q R D* R q R (A16) 
from which transformation properties similar to Eq. (IA13I) are deduced. 



APPENDIX B: CHIRAL INVARIANT INTERACTIONS 

Table [I] lists the chiral field properties under discrete transformations. They are partic- 
ularly useful to fix the relative signs of the interaction terms. Moreover, the concepts of 
normal and abnormal parity interactions are also introduced as a classification. Abnormal 
parity interactions have an e-tensor factor. 

The three-point normal-parity interactions are then: 
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W{W^) 


Dr,l{Dr, l ) 




AM 

R,L 


9, 


Aivafi 


p 




W\W) 


Dl,r(Dl,r) 




L,R 




Aivo.fi 


c 




W*{W T ) 


Dl L (Dl L ) 


U R,L \ U R,L ) 


A^T 
R,L 




Aiva.fi 



TABLE I: Field transformation properties under parity and charge conjugation. 



*~-WDD — (D l WDr + DrWW l ) 
Cwd*d* = -A* (D^WD^ + D%WW* L J 
Cwdd* = ig^DD* (d^WDX + d,D R W^Df) 
+ i>9wDD* {D L d»WD R » + D R d,WWT) 
+ h.c. 

+ i9%^, {duD%D% + d v DfDl») 
+ /i.e., 

C A d*d* = ^9 ad* d* {D R »d,A Ru D% + Dl v d,A Lu D^) 
+ Ad* {D Rv A r ^D r » + D* Lu A L ^D?) 
+ Ad* {D%A Rv d,D% + D?A Lu d,D?) 
+ h.c, 

ig^DD^p, {O^DrDr + d»D L D L ) + h.c, 

jCadd = igADD (D R A R d^D R + D L Ald^D L ) 
+ h.c. 

while the four-point interactions read 
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Cwwww = -^\ 2 {Tr[WW^]) 2 , 
+ h.c, 

£-A^DD = QAipDDlpfi (D R A R D R + D L A L D L ) 

Ca+d-d. = g% D * D ^ {D*r u A r D* Ru + D?A1D* LV ) 
+ 9 ( aId^ (D%A r D* r » + D* L V A L D* L ^ 
+ h.c.) 



(B7) 

(B8) 
(B9) 



(BIO) 



where h.c. refers to the hermitian conjugate. All the coupling constants are dimensionless 
with the exception of A and A* which have dimension of mass. 

Abnormal-parity interactions cannot be written down directly at this point as there 
remains an ambiguity in their definitions. Indeed, the interaction forms are not unique 
as there is a non-trivial relation called the Schouten's identity, relating different matrix 



elements 
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56j | . To build the interactions, the gauged Wess-Zumino Lagrangian is used 



as a guide as in Ref. 



451 ] . The three-point interactions are then 



Cwd*d* = ig W D*D*e^ (d^D* Lv Wd a D Rp - d^D Rv W^d a D* Lp ) , (Bll) 

£"ipDD* = ig^DD^ uaf3 d^ u (d a D* LI3 D L - d a D R(3 D R ) + h.c, (B12) 

Cadd* = igADD*e^ (d^Dl u d a A Lf3 D L - d^D Ru d a A R/3 D R ) + h.c. (B13) 

and the four-point interactions are given by 



Cw*dd = gw^nn^Hv {d u D L d a WdpD R - d v D R d a W^d p D L ) , (B14) 
CW+B.D. = -^^(W^ - D Ru d a W*D* L/3 ) 

- g&D-D-^W* (DlaWD*^ - D Ra WW* L p) , (B15) 
Ca^dd* = g% DD ,t^ a ^^{d v D R AR a D R(3 -d u D L A La Dl p ) 

- g%DD^ va ^» {DrAr u d a D* R p - D L A Lv d a D* w ) + h.c. (B16) 

where all couplings scale as M _1 with the exception of gwipDD which behaves as M~ 3 . 
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Once chiral symmetry is spontaneously broken the relevant normal-parity interactions 
become 



C«dd$ = -2A (D*ttD + DttD*) , (B17) 
C* D * Dl = -2A*i (DfrD? - D^nD;) , (B18) 
C. DD * = 2ig$ DD . (d^Dirb** - D^ird^D) 

+ 2tg$ DD , (Dd^D** - D^d^D) , (B19) 
C^n* = 2ig%» D »d^ u (D^D™ -D*»D*») 

+ 2igf D ^ (PD*D» - D^ET) 

+ 2igf D * D *i> fl (d v D*»D* v - D* v d v D*») , (B20) 
C pD * D . = 2ig%. D . (D^d^D*" - D^d^D*") 
+ 2tg%, D , (Dlp^D™ - PDtpuD") 

+ 2ig%, D « (D*»p v d„D w - d„D w p v D^) , (B21) 
C^ DD = 2^ DD ?/V (d^DD - d»DD) , (B22) 
C p dd = 2ig ADD (Dffd^D - d^Dp^D) , (B23) 
C^d*d* = 2g WilDD *a ^ (D*b; + D;b*) , (B24) 
C^DJh = 1Ww4,dd*(J^ p {D^b - DDI) , (B25) 

for three-point normal-parity interactions and 

C^DD* = 2g Wi>DD ^ (Ditb; + D;nD) , (B26) 
CrfDD = 2g AlpDD ^Dp^b, (B27) 
C*d>d> = 2g% D ^VD™p»Dl 

+ i9% D * D *V (Dyb: + rr Pv rr) . (B28) 

for the four-point normal-parity interactions. The last two three-point interactions are 
induced from Cw^dd*- These play an essential role in showing the decoupling of the pion 
from the dissociation amplitude in the soft-momentum limit. As mentioned in Section HVl 
the coupling constant g^ DD * is set to zero in order to remove the mixing between the various 
D mesons. Furthermore, we drop the index on the remaining coupling constant g^ DD * — ► 
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bd* ■ For the sake of making more transparent the correspondence with Ref. 45], we 

^ 4- (°> 2 ) (!) a (0 

tner set g {i , A}D * D * - -%, jj4 }d*d* ~> 0W,A}u*u« and g AfD * D * -> (jAipD*D* ■ 

Similarly, the abnormal parity content is 



£ wD , D * = -2g WD . D .e>™#d ll Dyd a D* fj , (B29) 

£^ DD , = -2g^ DD *^d^ v {d a D*pD + Dd a D*^j , (B30) 

£ pDD . = -2^DD*e^ (d a D* p d»p v D + Dd„ Pu d a D* p ) , (B31) 

£"i[)D*d-i = 2g wi , D * Dl a e^ aP d^ v (D la D; - D* a D ip ) , (B32) 

where the last interaction is generated by £jyA£>* d* and 



£-7TipDD = -2ig w ^ DD e^^d u Dd a 7rdpD, (B33) 

- 2ig^ D , D ,e^d^ u D* a 7rD;, (B34) 
£^d*.d* = 2z<?g DD *e^ a ^ {d v Dp a D* p + Dt Pa dpD) 

- Xg% DD .<r*% (Dp„d a D; - d v D* a p p D) , (B35) 

for the three- and four-point interactions. This completes the list of all the required inter- 
actions. 



APPENDIX C: DISSOCIATION AMPLITUDES 

1. ir + J/ip 

We first investigate the dissociation process into two D mesons illustrated in the first set 
of diagrams in Fig. The sub-amplitudes are explicitly: 
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M p _ ^gWDD*g^DD* ap, h pr,Pp 

(Ptt - Pd) q (Ptt - Pd) 



x ^, lf - — " — ^ . (CI) 



UP _ ^QWDD* 9if>DD* aM PD 0p 

(Pn-PD) a (Pn-PD) 



x ^- i: p , (C2) 



where £ = (p^ — 



compared to Ref. 



45]. 



M p lc = gwipD D e p ^ p ° p (C3) 
and it = (Pn — Pd) 2 ■ Note that there are no additional diagrams 



Next we consider the absorption process which has been considered dominant in the 
literature, namely 7r + ip — > D + D* . As seen in Fig. [2J because of chiral symmetry, the 
number of sub-processes is higher than in a theory where the chiral partners are disregarded. 
Specifically, the list of sub-amplitudes for this process is 



MZ= - ^y tiW -K). (C4) 

M g = _ Wyn- ^.^w* L a<j _ (p.-pp-L(p.-pp-)^ | _ (C5) 

i m* D y m D J 

•M£ = - 4 ^^r D K (2/^ - <T (p? + Pi) + 2^V D 



, (P7r-PD) Q (P7r-Po) p , 

x {g aP — 2 (C6) 



M££ = owtDD-g"", (C7) 

4A^^ , f (p.-P^Up.-Pd*)^ , . 

- M 2 e = 1 _ m 2 i SW3 m r ' y^ 6 ) 



A4«S = 4A ^f ff % .p (C9) 
J it — mi,* 

where t = (p n — p* D ) 2 and w = (p„. — p^) 2 . We note that the the last two amplitudes arise 
because of the exchange of the D\ and Dq mesons. 

Finally, the last pion-absorption process is that which leads to the heaviest final state 
considered in this study, i.e., D*-D*. The sub-amplitudes related to the diagrams in Fig. [2] 
are 
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^9WDD*9tpD*D v p 

t - m 2 D V ^ 

M% = _^WDD^D p , eP i>D /r {Cn) 



MZ P = _ 2 P u n e p ^*^, (CIO) 

^gWDD*9ipD*D 



u — m 



D 



x '"'"V (C12) 



n? 



X | 9oe{3 — ~ 2 ->, (C13) 



KAHVP _ o„(°) pV^pvp _|_ O.J 1 ) pPiiPVP (C\&\ 

JVl 3e — Z 9\V4>D*D* e + l 9w>pD*D* e > ' 



^ = _4A^. fl . g0 ^ e ^ /> f _ (p,-p g Q (P.-P^), I ; (C15) 



i 3f — , 2 y i y^p 2 



M „ = _ ^9w^a ga ^ up |^ _ (P,-PD*UP,-PD*), ^ (C16) 



u-m~ Dl i m- Dl 



where t = (p„. — pn*) 2 an d k = (p n — pc*) 2 . 



2. p + J/ip 

The amplitudes for the dissociation into the lowest mass state given in Fig. [3] are 

M% = - A9A f DD9 r D (2 P S D - p 5 p ) (2jf D - p}) (C17) 

L III j-y 

M% = - A9ADD9 A DD (2P% ~ P 5 P ) Wd - V :) , (CIS) 

Mt - r P,-Pr^ rl , Pn • { fJn , _ (Pp ~ PD,)a ^ P ~ PD,)p } . (CI!)) 



<5p _ . 
4a — 




-4) 


8p 

4b ~ 


Ub II Ijy 


-4) 


8p 

4c — 


4:gADD*g^DD* c p oPDa 6 c p^, Pn (3p J 

t-m% | 


>9<x/3 - 


5p _ 
4d ~ 


A 9ADD*9i>DD* cPoPna S cP ,„ PD p J 

u - m*% 1 


\ 

| Pa/? — 


Sp 

4e _ 


— 2gAtpDDg Sp - 





??? 



Mt = -2g Ai , DD g 5 P. (C21) 

where t = {p p ~Pd) 2 and u = (p p — Pd) 2 . Of all the six processes studied, this is the 
only one that is exothermic, i.e., the initial state is more massive than the final one. This 
kinematical constraint will give rise to a divergent cross-section behaviour at low ^/i. 
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The amplitudes of the second process (depicted in Fig. [3]) are 



M £ P = ±9ADD*9*DD ePpPD „5 ^ _ ^ ? ^ 

M g p = ±9ADD*9*DD ( 2 p s D -p s p ) eW-w (C23) 



u — m D 



x <^- (P '~'"" ) ^'~ PD ' )f [ t^ (C24) 



in 



D 



.,,„,,, ^9 ADD * QtpD *D* ^ oPna S / „ (P P ~ Pd) a (Pp ~ Pd) p 

5^ — ~ ~~2 C 1 9a/3 



u — m D , m D 
x (2g?% - gi» (pj + + 2^p£.) , (C25) 
X? = 2^ DD ,e^^ + 2<#> Dfl .e^ (C26) 

where t = (p p — Pd*) 2 an d u = (p p — p D ) 2 . 

And finally, the set of amplitudes for the final dissociation processes, given in Fig. [3j have 
the corresponding expressions: 

j^^Sp _ ^9add*9^dd* c p p p n *fiS c p^pf„up^ (C27) 

t 771 jj 

MqI &P = ^9 ADD* 9ipDD* c p oPr ,*v& c p^p n «np^ (C28) 



u — m 



D 



, .,,„*„ ^9AD*D*9^D*D* J (Pp ~ PD*) a (Pp ~ PD*)p 

M&c ~ t-ml. } 9afi < 



x (2g a Y P ~ 9^ (P a p + Pd*) + 29 qi1 Pd*) 



x (2g?% - 9 UP (pp* + P D ) + ^ V P%) , (C29) 



.pu&p ^g AD* D* gipD* D* I __ (Pp-PD') a (Pp-PD*)p 



X 



x (2/^ - gT (f p + pj.) + 2/%») , (C30) 

>C 5p = (2<T <? 5p - <? M V P - g' p g u5 ) (C3i) 



where t = (p p -pD*f and u = (p p -p D *f- 
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APPENDIX D: PARAMETER FIXING 



The coupling constants used here are fixed to those of Ref. 45j. There, besides fitting the 
available experimental data, they invoked the vector meson dominance hypothesis, the heavy 
quark spin-flavor symmetry, and the underlying SU(4) symmetry on which the Lagrangian 
is built. Each of these assumptions is problematic. Unfortunately, because experimental 
data are lacking to fix, for example, the four-point couplings, the only other way would 
be to use other model calculations with varying degree of sophistication. Table [Til lists the 
coupling constant values used. 



Three-point couplings 


Four-point couplings 


9WDD* 


4.40 


g-tpDD* 


16.96 


9ipD*D* 


3.86 


gAipDD 


19.43 


g^DD 


3.86 


gAipD*D* 


9.72 


9AD*D* 


1.26 


gWipDD 


8.00 Gey- 3 


gADD 


1.26 


(i) 

9wi)D*D* 


19.10 Gey- 1 


g\YD*D* 


4.54 Gey" 1 


(0 

9AiI)DD* 


10.89 Gey- 1 


g-tpDD* 


4.32 GeV- 1 






gADD* 


1.41 Gey^ 1 







TABLE II: Coupling constants of the phenomenological Lagrangian. 



Setting the coupling constants to those of Ref. |45| is not sufficient to determine all the 
parameters. Five parameters : M, M*, A, A*, and o"o have to be determined. The last one 
is the d ecay constant, f n = 93 MeV. The four remaining parameters have to reproduce the 
masses 59J of the D, D*, and D\ mesons, namely mp = 1.87 GeV, mo* = 2.01 GeV, 
mo* = 2.40 GeV, and rri£, 1 = 2.43 GeV, respectively 55j. This leads to values of M — 2.15 
GeV and M* = 2.23 GeV. Table IITTI lists the values of A and A*, and 7d and 7d* used. 
Finally, the pion, p, and J/ip masses are taken to be 0.138 GeV, 0.770 GeV and 3.10 GeV 
respectively. 
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